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reduces investment costs and it can be operated with high heat transfer rates and at less power con-
sumption compared with traditional heat exchangers of super-cooling type of shell and tube design,
and of scraped surface type, which are commonly used up to now. The different ice slurry genera-
tion methods were reviewed. A super-cooling ice slurry generator type was experimentally tested
and compared with a traditional scraped surface type. Some interesting advantages were observed
in case of super-cooling type, developed in this paper. The stable operating range was slightly smal-
ler compared with the traditional scraped surface type, and heat transfer coefﬁcients were somewhat
smaller due to smaller amount of generated ice fraction as common super-cooling type. It is sup-
posed that higher velocity of the super-cooled water jets than reported will lead to increase the pro-
duced ice concentration.
 2011 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
Ice slurries consist of aqueous solutions in which small ice crys-
tals are present. Compared to commonly used brines, the
application of ice slurries in indirect refrigeration systems998811; fax: +20 22 2571057.
om (T.A. Mouneer).
y. Production and hosting by
Shams University.
lseviershows interesting advantages, such as (i) the possibility of en-
hanced thermal storage and (ii) the reduction of transport
friction losses due to the higher volumetric heat capacity.
However, a widespread utilization of ice slurry systems has
not taken place yet which is mainly attributed to the high
investment costs of commercially available ice slurry genera-
tors [1].2. Literature review
A review of the literature shows that there are six methods for
ice slurry generation namely: (i) mechanical scraper method or
harvest method, (ii) ﬂuidized bed method, (iii) direct contact or
direct injection method, (iv) vacuum freezing method, (v) oscil-
latory moving cooled wall method, and (vi) super-cooling
water. The investment cost of each of these methods is an
important parameter during system selection procedure.
Nomenclature
Ao heat exchanger area (m
2)
Cp speciﬁc heat (J/kg K)
Cp,app apparent speciﬁc heat (J/kg K)
Cp,cf speciﬁc heat of the carrier ﬂuid (J/kg K)
Cp,ice speciﬁc heat of Ice (J/kg K)
D diameter (m)
Deq equivalent diameter (m)
h height (m)
his,exp experimental average heat transfer coefﬁcient on
ice slurry side (W/m2K)
href average heat transfer coefﬁcient on primary refrig-
erant side (W/m2K)
Dhf heat of fusion of water (J/kg)
IC volumetric ice fraction (%)
mo mass ﬂow rate (kg/s)
Nu Nusselt number, (h Deq/k) (–)
Nuis,exp experimental Nusselt number, (his, expDeq/kis) (–)
Nuis,pred predicted Nusselt number, aRe
b
a;isRe
c
r;isPr
d
isx
e
o (–)
N scraping mechanism rotating speed (rps)
p pressure (Pa)
Pr Prandtl number, (Cp,liq kliq/lliq) (–)
Pris ice slurry Prandtl number, (Cp,app kis/lis) (–)
Qo total heat ﬂux (W)
Re Reynolds number (–)
Rea,is axial Reynolds number, qis Va Deq/lis (–)
Rer,is rotational Reynolds number, qis N D
2
eq/lis (–)
t time (mins)
T temperature (C)
DTln logarithmic mean temperature difference (LMTD)
(K)
Uo overall heat transfer coefﬁcient (W/m
2K)
Va axial velocity inside the ice slurry generator (m/s)
Vo volume ﬂow rate (m3/s)
xif ice fraction by mass (%)
Greek symbol
d thickness (m)
k thermal conductivity (W/m K)
l dynamic viscosity (Pa s)
q density (kg/m3)
x0 global mass fraction of solute; mass of solute/mass
of solution and ice (%)
Subscripts
a axial
cf carrier ﬂuid
eq equivalent
exp experimentally measured
evap evaporating
f experiment end point
ice ice
in at inlet conditions
is ice slurry
ifp initial freezing point
inner inner diameter of the inside pipe
jet super-cooled water jet
liq liquid
max maximum
min minimum
o overall
outer outer diameter of the inside pipe
out at outlet conditions
pred predicted
r rotational
ref primary refrigerant
sh shaft of the scraping mechanism
shell outside shell
w wall
0 experiment start point
Abbreviations
ACCU air cooled condensing unit
EG Ethylene Glycol
FC ﬂuorocarbons
FM ﬂow meter
HCFC hydrochloroﬂuorocarbon
HCFC-22 chlorodiﬂuoromethane (R-22)
ISG ice slurry generator
IV isolating valve
ISP ice slurry circulating pump
MV ﬂow modulating valve
MCC motor control centre
PG pressure gauge
RDL refrigerant discharge line
RSL refrigerant suction line
RLL refrigerant liquid line
SG sight glass
T temperature sensor
TXV thermostatic expansion valve
TST thermal storage tank
VFD variable frequency drive
148 T.A. Mouneer et al.In the ﬁrst method, the mechanical scraper method or
‘‘harvest method’’, the refrigerant evaporates in a double-wall
cylinder. Through the inside space, bounded by the inner cylin-
der, the water or aqueous solution ﬂows and the ice crystals are
created. A rotary knife scrapes the ice growing on the cooling
surface. The scraped surface generator has a large surface for
the ice crystal creation per unit volume of ice slurry generator.
Stamatiou et al. [2], Pronk et al. [3], and Daitoku and Utaka [4]
are examples for researchers that studied the harvest method.In the second method, ﬂuidized bed method, the ice slurry
generation process is performed using liquid–solid ﬂuidized
bed heat exchangers. This method has been investigated by
many researchers such that Klaren and Van der Meer [5],
Pronk et al. [6], and Meewisse and Infante Ferreira [7].
In the third method, direct contact method or direct injec-
tion method, the refrigerant is directly injected into the water
domain. Liquid droplets of refrigerant enter through nozzles,
normally at the bottom of the generator, and start to
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buoyancy rise to the top of the water containing column. Wob-
st and Vollmer [8] and Watanabe et al. [9] are examples for
researchers that studied this method.
In the fourth method, vacuum freezing method, Asaoka
et al. [10] investigated a vacuum freezing type ice slurry pro-
duction method using ethanol solution. Hasegawa et al. [11]
studied a vacuum freezing type ice slurry production method
using pure water.
In the ﬁfth method, the oscillatory moving cooled wall
method, an oscillatory motion is applied to the cooled surfaces
on which the ice layers are formed, and removed by the vibra-
tion generated during the oscillatory motion. Matsumoto et al.
[12] and Oda et al. [13] are examples for researchers that stud-
ied this method.
Finally, in the sixth method, the super-cooling water meth-
od, the ice slurry can be produced with low ice concentration
by using a typical design of shell and tube type, but the initia-
tion of the freezing should be controlled to adjust the produced
ice concentration without system blockage. If freezing occurs
too early, the system blocks. Nucleation may be obtained by
a ﬂow, and ice layers could be formed on cold walls, Tanino
et al. [14] and Kauffeld et al. [15].
As an extension to the previously reported ice slurry gener-
ation methods, attention is paid to experimentally investigateFigure 1 Schematic of the two tested types of ice slurry generators, (a) scrthe possibility of a newly developed ice slurry generation meth-
od. This technique is based on removing the ice layer formed
on the inside cooled surfaces by applying a number of super-
cooled water jets to prevent ice scaling phenomena on the
internal cooled walls. The super-cooled water passes in its sep-
arate pass, and without direct contact with the used primary
refrigerant.
The main objective of this paper is to present this newly
developed super-cooled water jet ice slurry generation tech-
nique, and to investigate its ability to generate ice slurries
using Ethylene Glycol (EG) water based solution at different
solute concentrations. The hydrodynamics, scaling inhibition
and heat transfer characteristics of the proposed generator
are compared to scarped surface type, since the scarped sur-
face type is the most commonly studied ice slurry generator.
Finally, the experimental results of the two types are pre-
sented, discussed and compared with the data reported in
the literature.3. Experimental set-up and procedure
Experiments with the two tested types of ice slurry generators
were carried out to investigate the possibility of ice slurry pro-
duction with both types: (i) the scarped surface type (ISG-1)aped surface type (ISG-1) and (b) Super-cooledwater jet type (ISG-2).
150 T.A. Mouneer et al.and (ii) the super-cooled water jet type (ISG-2). A schematic
layout of the used heat exchangers is given in Fig. 1. Both of
the tested ice slurry generators are similar. They have a shell
and tube heat exchanger of ﬂooded type and have the same
overall dimensions. The only difference is in the ice removing
mechanism.3.1. Scraped surface type speciﬁcations
The scraped surface type (ISG-1) was made of two black steel
pipes, as a shell and tube heat exchanger, connected by welded
neck ﬂanged ends. The scraper blades heat exchanger used in
the present work consisted of three staggered blades attached
to the scraper shaft and located in the inner tube, where the
water passes, as shown in Fig. 1a. The inner tube and the outer
shell are 150 and 200 mm in diameter, respectively. The heat ex-
changer has a total length of 1.5 m. The heat exchanger was
cooled by HCFC-22 as primary refrigerant, which ﬂowed paral-
lel-currently through the annuli of the heat exchanger. The pri-
mary refrigerant is cooled using a condensing unit, based on
vapor compression cycle, with a capacity of approximately
12 kW at 15 C. The scraper blades were attached to a
40 mmdiameter steel shaft. Each blade is 500 mm long in the ax-
ial direction, and 54 mm wide in the radial direction. The clear-
ance was kept about 1 mm, as an average clearance between the
scraper blades tips, and the inside tube wall. That clearance is re-
quired to ensure free rotational motion of the scraping mecha-
nism to scrape the inside tube surface, meanwhile the ice layer
shall be formed with thickness not higher than this 1 mm of
the clearance. Ben Lakhdar et al. [16] recommended that the
clearance in the scraped surface heat exchangers during iceFigure 2 Schematic diagram of the experimental apparaslurry generation process should be ranged from 1 to 3 mm.
The rotating speed N of the scraping mechanism used in the
present work was kept constant in all experiments presented
herein this research. The rotating speed was optimized and set
to 450 rpm, which is theminimum speedwith the lowest internal
thermal resistance of ice layers formed, as investigated experi-
mentally by Ben Lakhdar et al. [16].
3.2. Super-cooled water jet type speciﬁcations
The super-cooled water jet type (ISG-2) consists also of a shell
and tube ﬂooded type heat exchanger with ﬁfteen super-cooled
water jets, as shown in Fig. 1b. The main concept of this ice
slurry generator is to spray the cold surfaces, where the ice
layer is formed, with the 15 super-cooled water jets. The
super-cooled water jets are similar with 5 mm jet diameter
(Djet), and equally spaced in the axial direction and directed
onto the cold surface in four different directions with a 90 an-
gle in between. This is to remove ice crystals from the heat ex-
changer internal wall.
3.3. Experimental setup
A schematic diagram of the experimental apparatus is pre-
sented in Fig. 2. The apparatus consists of an ice slurry gener-
ation test section, two refrigeration circuits with two
independent thermostatic expansion valves (TXV), connected
to the same air cooled condensing unit (ACCU), ice slurry gen-
eration loop, thermal storage tank (TST), ice slurry circulating
pump (ISP), and measurement facilities. During the experi-
ments, ice slurries are made of an aqueous solutions oftus with the two tested types of ice slurry generators.
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tions of 10%, 20%, and 30%. The ice slurry generation loop
consists of black steel pipes 50 and 40 mm diameters. The
TST was added to the ice slurry generation loop to store the
generated ice slurry during the generation process. The ice slur-
ry circulating pump (ISP) was used to pump the super-cooled
water from the TST to the ice slurry generation system. The
pump was equipped with a variable frequency drive (VFD)
to control the pump rotational speed at different operating
conditions. The operation of all of the system components is
controlled via the motor control centre (MCC), as shown in
Fig. 2.
3.4. Measurements
The temperatures at the inlets (Tis,in) and at the outlets (Tis,out)
of the tested heat exchangers, and the evaporating temperature
(Tevap) were measured by three sets of resistance-temperature
detectors PT-100, with an accuracy of 0.01 K.[17] The evapo-
rating pressure (Pevap) of the primary refrigerant was measured
using a liquid-ﬁlled Bourdon tube pressure gauge. The gauge
included an indicative scale for the corresponding evaporating
temperature of the primary refrigerant used. A velocity type
accumulative ﬂow meter (FM) was used to measure the ﬂow
of the super-cooled water, at the upstream of the ice slurry gen-
eration test section. On the ice slurry side, the pressure drop
over the two tested ice slurry generators was monitored using
Glycerin-ﬁlled Bourdon tube gauges (PG), with an accuracy of
0.01 bar [18].
3.5. Flow visualization, product sampling and determination of
ice concentration
A set of two sight glasses (SG-001, SG-002) were installed up-
stream and downstream of the ice slurry generation test sec-
tion, as shown in Fig. 2. The sight glasses were used to
observe the ﬂow pattern under different operating conditions.
The ice slurry generation loop is also equipped with isolating
valves (IV), and ﬂow modulating valves (MV). The ice concen-
trations (IC) inside the ice slurry were measured via providing
the ice generation loop with two sampling ports, upstream and
downstream the generation test section, as shown in Fig. 2.
The samples were collected from the two sampling ports using
one 500 ml beaker. The solid part is picked off to another
250 ml beaker. During liquid/solid separation process, a ﬁne
screen with mesh size of about 400 lm was also used, and
the ice particles were separated before melting of the ice parti-
cles due to heat gain from the surrounding.
4. Calculation procedure
This section gives an overview of the models and empirical
relations used for the heat transfer calculations used for ice
slurry generators. The experimental average Nusselt number
(Nuis,exp) can be evaluated based on the experimental measured
parameters, and it can be expressed as follows:
Nuis;exp ¼ his;expDeqkis ð1Þ
where his,exp is the experimental average heat transfer coefﬁ-
cient from the ice slurry side, Deq is the equivalent diameter,which is equal to (Douter  Dsh) in case of scraped surface type
and equal to (Douter  Dinner) in case of super-cooled water
type, as shown in Fig. 1a and b, respectively. kis is the ice slurry
thermal conductivity, which is function of the volumetric ice
concentration, IC%, as reported in several models which have
been mainly derived from Jeffrey’s model [19].
The total heat ﬂux from the ice slurry side can be expressed
as:
Q
o
¼ miso ½ðð1 xifÞCp;cfðTis;in  Tis;outÞÞ
þ ðxifðDhf þ Cp;iceðTis;in  Tis;outÞÞ ¼ miso Cp;appðTis;in  Tis;outÞ
ð2Þ
where Cp,app is deﬁned by Ha¨gg [20] as shown in the following
equation:
Cp;app ¼ ð1 xifÞCp;cf þ xifðð@hf=@TÞ þ Cp;iceÞ ð3Þ
The total heat ﬂux can also be deﬁned as:
Q
o
¼ UoAoDTln ð4Þ
where DTln is the logarithmic mean temperature difference
(LMTD) and is deﬁned as:
DTln ¼ ðTis;in  TeapÞ  ðTis;out  TeapÞ
lnððTis;in  TeapÞ=ðTis;out  TeapÞÞ ð5Þ
The overall heat transfer coefﬁcient can be expressed as:
1
Uo
¼ 1
his;exp
þ dw
kw
þ 1
href
ð6Þ
where dw and kw are the thickness and thermal conductivity of
the black steel pipe, respectively. his and href are the heat trans-
fer coefﬁcients for the ice slurry side and the primary refriger-
ant side, respectively. The primary refrigerant heat transfer
coefﬁcient, href, ranged from 1
0500 to 20200 W/m2K. It is esti-
mated based on the external shell Reynolds number, as re-
ported by Kuntha and Kiatsiriroat [21].
4.1. Heat transfer for scraped surface type, ISG-1
For scraped surface type (ISG-1), various correlations are pro-
posed to estimate the predicted average Nusselt number
(Nuis,pred) for monophasic ﬂuids, as reported by Ben Lakhdar
et al. [16], Vaessen et al. [22], and Pronk [23]. These correla-
tions have generally the following form:
Nuis;pred ¼ aReba;isRecr;isPrdisxeo ð7Þ
The power law constants a–e are summarized in Table 1.
The axial Reynolds number (Rea,is) is often omitted in some
cases at which the tangential velocity is much higher than the
axial mean velocity, and it can be deﬁned as:
Rea;is ¼ qisVaDeqlis
ð8Þ
The rotational Reynolds number (Rer,is) is commonly deﬁned
as:
Rer;is ¼
qisND
2
eq
lis
ð9Þ
The rotational Reynolds number (Rer,is) exponent in Eq. (7) is
generally small for laminar ﬂow and ranges from 0.5 to 1 for
Table 1 Power law constants for the predicted Nusselt number equation for scraped surface type.
a b c d e Comments
4.47 0.27 0.38 0.0 0.8 Ethanol/water based solutiona
0.63 0.0 0.61 0.0 0.34 Sucrose solutiona
0.83 0.57 0 0.3 0.0 KNO3–HNO3 solution for 2 blades
b
0.83 0.6 0 0.3 0.0 KNO3–HNO3 solution for 4 blades
b
0.997 0.5 0 0.33 0.0 KNO3 solution
c
a Work performed by Ben Lakhdar et al. [16].
b Work performed by Vaessen et al. [22].
c Work performed by Pronk [23].
152 T.A. Mouneer et al.vortical and turbulent ﬂow. Harriot [24] found that the Nusselt
number is proportional to the square root of rotational
Reynolds number.
The ice slurry Prandtl number (Pris) is based on the
thermal conductivity of the ice slurry (kis) and the apparent
speciﬁc heat of ice slurry (Cp,app). The values of these thermo
physical properties are evaluated based on the temperature
measurements and concentration of the aqueous solution, as
reported by Melinder and Granryd [25]. Prandtl number expo-
nent is often ﬁxed at 1/3 as reported by Guilpart et al. [26].
4.2. Heat transfer for super-cooled water jet type, ISG-2
For the super-cooled water jet type (ISG-2), at which the ﬂow
is turbulent, a classical correlation derived by Dittus and Boel-
ter [27] is used to determine the predicted Nusselt number in-
side the ice slurry generator. There are slight differences
between ﬂows being heated or cooled, as shown by Eqs. (10)
and (11), respectively.
Nuis;pred ¼ 0:026Re0:8a;cfPr0:4cf for heated surfaces ð10Þ
Nuis;pred ¼ 0:024Re0:8a;cfPr0:3cf for cooled surfaces ð11Þ
Eqs. (10) and (11) were developed for Prandtl numbers be-
tween 0.7 and 120 and the axial Reynolds numbers (Rea,cf)
of 2.5 · 103 up to 1.24 · 105. The predicted Nusselt number
of super-cooled water jet ice slurry generator is taken on the
basis of the above equation, as developed by Pronk [23], and
expressed by the following equation:
Nuis;pred ¼ 0:0734Re0:75a;is Pr0:63is : ð12Þ5. Results and discussion
5.1. Historical time curves for temperatures and ice
concentration variation
Ice slurry generation process experiments are performed for
Ethylene Glycol (EG)/water based solution at 10%, 20%,
and 30% initial volumetric concentrations. Fig. 3a and b
shows the temperature history with sampling rate of 150 s dur-
ing the ﬁrst 4 h of operation for both ice slurry generators,
ISG-1 and ISG-2 at 20% initial volumetric concentrations.
The temperatures depicted in these ﬁgures are at the inlet
and outlet of the generation test section and the primary refrig-
erant evaporating temperature. Also shown in these ﬁgures the
measured volumetric ice concentration percentage (IC%). ForISG-1, shown in Fig. 3a, the rotating speed of the scraping
mechanism is 450 rpm and the inlet pressure is 2.5 bar. For
ISG-2, shown in Fig. 3b, the inlet pressure is 2.5 bar.
The ﬁgures show that the ice generation process can be
divided into three stages. The ﬁrst stage, namely the chilling
period or the cool down period, starts from t0 until t1, where
t0 is the starting time of the experiment, and t1 is the time at
the end of the chilling period at which the super-cooling phe-
nomena is observed. The second stage, namely the nucleation
period or unstable ice generation period, starts from t1 to t2,
where the ice seeds after the super-cooling phenomenon is ob-
served and the volumetric ice concentration increases till its
maximum value at the end of this period, t2. Finally, the third
stage, namely the stable ice slurry generation period, starts
from t2 to the end of the experiment, at tf. During this stage
the ice concentration is maintained constant at its maximum
value (ICmax%). The classiﬁcation for the three stages of the
experimental results is in agreement to those deﬁned by Qin
et al. [28]. The super-cooling phenomenon is observed for both
of the tested ice slurry generators, and for different concentra-
tions for the EG/water based solution, and the phenomenon is
similar to that observed and studied earlier by Ben Lakhdar
et al. [16] using ethanol/water based solution and sucrose
solution.
Fig. 3a and b shows that during the chilling period (cool-
down period), the volumetric ice concentration (IC%) is equal
to zero, the outlet temperature drops to the EG/water based
solution freezing point (Tifp) and the evaporator temperature
drops to 22 C for ISG-1, and 25 C for ISG-2. The ﬁgures
depict the qualitative agreement for the proﬁles for both heat
exchangers. The quantitative disagreement is attributed to
the difference in the technique used to remove the ice-scaling
layer formed on inside walls.
5.2. Historical time curves for axial Reynolds number and heat
transfer coefﬁcient
Fig. 4 demonstrates the historical proﬁles for axial Reynolds
number, Rea,is, and the average experimental heat transfer
coefﬁcients from the ice slurry side, his,exp for both ice slurry
generators at 20% initial volumetric concentrations. The ﬁgure
shows that Rea,is for ISG-1 drops sharply from 7
0400 to 10000
during the nucleation stage, with a sharp increase in his,exp
from 0.8 to 4 kW/m2K due to the effect of the ice concentra-
tion increasing. However, by the end of the nucleation stage
the his,exp is reduced due to the effect of the decreasing of Rea,is.
Fig. 4 also shows the historical proﬁle of Rea,is for ISG-2 in
which it dropped gradually from 70500 to 40200 during the
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Figure 3 Time dependence curves for the generation test section inlet and outlet temperatures, the evaporator temperature and the
volumetric ice concentration, IC%, for EG/water based solution of 20% volumetric concentration; (a) scraped surface type (ISG-1) and
(b) super-cooled water jet type (ISG-2).
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his,exp raised gradually from 500 to 800 W/m
2K. The ﬂow is
transformed from turbulent ﬂow to the boundary of the turbu-
lent–transitional ﬂow regime and it could not be transformed
to laminar ﬂow, and the heat transfer coefﬁcients are slightly
increased at the start of the stable ice generation stage. The
observations for ISG-2 are in correspondence with the phe-
nomena that ice scaling is acting as an insulating layer, which
increases the thermal resistance and reduces the average heat
transfer coefﬁcient his,exp, inside ISG-2 if compared with
ISG-1. On the other hand, mechanical mechanism, used inside
the scraped surface type, ISG-1, controlling the ice removing
rate which leads to an improvement of the heat transfer coef-
ﬁcients inside ISG-1, if compared with the super-cooled water
jet type, ISG-2.5.3. Heat transfer in scraped surface type, ISG-1
Fig. 5 depicts the experimental average heat transfer coefﬁcient,
his,exp, versus the rotational Reynolds number, Rer,is, for
scraped surface type, ISG-1, at 10%, 20%, and 30% volumetric
concentrations. The rotating speed, N, is maintained at
450 rpm for all of the performed experiments. It is clear that
the variation in Rer,is is only due to the change in the thermo-
physical properties of the ice slurry, density and viscosity, dur-
ing different generation stages, as deﬁned by Eq. (9). As the ice
concentration increases, the temperature decreases and the dy-
namic viscosity increases with a subsequent decrease in Rer,is.
The ﬁgure shows that for all tested concentrations Rer,is starts
from 800000, but the minimum value depends on the volumetric
concentration. For a volumetric concentration of 10%, 20%,
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Figure 4 Historical proﬁles for the axialReynolds number,Rea,is, and the experimental heat transfer coefﬁcient on ice slurry side (his,exp), for
EG/water based solution of 20% volumetric concentration, for scraped surface type (ISG-1), and super-cooled water jet type (ISG-2).
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154 T.A. Mouneer et al.and 30% the minimum Rer,is is 40
0000, 200000, and 150000,
respectively. Once the maximum ice concentration is reached,
the dynamic viscosity stabilizes at a constant value. Thus,
limiting the minimum Rer,is. As mentioned above, rotational
Reynolds number was varied simultaneously with the tempera-
ture decreasing and hence the dynamic viscosity increases.
It is striking that the heat transfer coefﬁcient decreases with
increasing the rotational Reynolds number. This is opposite to
expectation, since generally a higher rotational speed leads to
better mixing and therefore higher heat transfer rates. In this
case, however, variations in the generation process bulk ﬂow
properties occur due to changes in the solid content of ice with-
in the scraped surface ice slurry generator. This change in solid
content of the crystallizer affects heat transfer properties of the
bulk substantially.
It is therefore concluded that the inﬂuence of the ice frac-
tion is dependent on crystal size, rotational Reynolds number
and the ﬂow pattern. The increase of the amount of ice in theice slurry generator at higher temperature differences usually
leads to a more rapid consumption of super saturation since
there is more crystal surface available for growth. The decrease
of the heat transfer coefﬁcient might indicate the presence of
an insulating ice layer on the heat transfer surface due to inef-
ﬁcient ice removal by the scrapers.
Fig. 6 shows the effect of changing Rer,is on the experimen-
tal average Nusselt number (Nuis,exp), as deﬁned by Eq. (1), for
ISG-1 at 10%, 20%, and 30% volumetric concentrations. The
ﬁgure presents the predicted values for the average Nusselt
number (Nuis,pred), based on Ben Lakhdar et al. [16] correla-
tion deﬁned for Ethanol/water based solution.5.4. Heat transfer in super-cooled water jet type, ISG-2
Fig. 7 shows the experimental average heat transfer coefﬁcient,
his,exp, versus the axial Reynolds number, Rea,is. As reported
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due to the same change of the thermo-physical properties of
the ice slurry, density and viscosity, during different generation
stages. This ﬁgure shows that the Rea,is ranges from 7
0500 to
500 with a corresponding increase in heat transfer coefﬁcient
from 0.5 to 5.5 kW/m2K, for ISG-1. For ISG-2, Rea,is ranges
from 70800 to 40200 with a corresponding increase in heat
transfer coefﬁcient from 0.5 to 1.5 kW/m2K. As Rea,is de-
creases, the ﬂow is decelerated and transformed from the tur-
bulent ﬂow regime to the laminar ﬂow regime for ISG-1. For
the ISG-2, the ﬂow transforms to the turbulent–transitional
ﬂow regime.
Finally, Fig. 8 presents a comparison between the experi-
mental Nusselt number and the predicted Nusselt number
based on Pronk [23] correlation, presented in Eq. (12), for both
ISG-1 and ISG-2. The ﬁgure shows that the Pronk [23] correla-
tion represents the experimental data within the limit of±35%.6. Conclusions
Heat transfer performance inside two different types of ice
slurry generators, ISG-1 and -2, have been analyzed. It was
found that the ice slurry ﬂow during the generation process
may be classiﬁed into three stages, based on the time depen-
dence curves, through which the ﬂow changes its regime from
turbulent to laminar for ISG-1, and from turbulent to turbu-
lent–transition regime for ISG-2. The experimental average
Nusselt number (Nuis,exp) and the predicted Nusselt number
(Nuis,pred) of the ice slurry ﬂow inside each of the tested gener-
ators can be described by the model developed by Pronk [23].
The models developed were based on both of the dimensionless
groups of (Rea,is) and (Rer,is), to express the predicted Nusselt
number (Nuis,pred).
Due to the low ice scaling prevention ability at tempera-
tures close to 0 C, super-cooled water jet type (ISG-2) ice slur-
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156 T.A. Mouneer et al.ry generators should be operated at ice slurry temperatures be-
low than 5 C with a heat ﬂux of approximately 17 kW/m2.
Scraped surface ice slurry generators are often operated with
an ice slurry temperature of 2 C and a heat ﬂux of 20 kW/
m2. A comparison between these two ice slurry generators un-
der the tested capacity of 12 kW shows that the investment
costs of super-cooled water jet ice slurry generator (ISG-2)
are about 40–60% less than of scraped surface ice slurry gen-
erator (ISG-1). Furthermore, the energy consumption of
super-cooled water jet ice slurry generator (ISG-2) is about
10–20% lower due to the elimination of the scraping mecha-
nism, taking into consideration the additional pumping loss
in the super-cooled water jet type. The super-cooled water jet
ice slurry generator is an attractive ice slurry generator con-
cerning both investment costs and energy consumption. The
maximally measured average heat transfer coefﬁcient on the
ice slurry side is slightly higher for the ISG-1 with a value of
5500 W/m2.K at low axial Reynolds number, Rea,is = 500 (at
laminar ﬂow regime), and at low rotational Reynolds number
Rer,is= 7500 compared to 2500 W/m
2K for the ISG-2, at low
axial Reynolds number, Rea,is = 4000 (at turbulent/transition
ﬂow regime). That means that the newly developed super-
cooled water jet ice slurry generator slightly improves the heat
transfer performance compared to the traditional super-cool-
ing ice slurry generators of shell and tube design, however
the produced ice volumetric fraction is smaller than its corre-
sponding value inside the commonly used scraped surface ice
slurry generator.
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